Models of interaction between two genotypes are described. The models, known as "replacement series" are based on spacing formulae which were first described by C. T. de Wit. It is assumed that the total number or density of individuals is held constant, but the proportion of the two components of the mixture is varied. The output of each component at the end of a period of growth is determined; this may be dry matter production, seed output or any other relevant parameter.
INTRODUCTION
WHEN a single genotype of a plant species is grown at varying densities, the form of yield curve measured as seed output, dry matter production, etc., is that shown in fig. 1 . At low densities the individuals are sufficiently far apart that they do not affect one another. The yield per individual is constant and the yield per unit area is directly related to the density.
We can refer to this relationship as type A.
At higher densities, however, individuals begin to affect each other in that there is an insufficiency of particular environmental supplies. As a result, because of individual phenotypic plasticity, in the sense of Bradshaw (1965) , the yield per individual begins to diminish, and the simple relationship of yield per unit area to density begins not to hold. After a certain point environmental limitations are usually such that the yield per individual becomes directly and inversely related to density and yield per unit area becomes stable and independent of density. The range of densities over 146 M. A. KHAN, P. D. PUTWAIN AND A. D. BRADSHAW which this can occur depends on the degree to which the yield per individual can vary, i.e. on the plasticity of the species concerned. We can refer to this relationship as type B. The whole relationship has been expressed as 1 /w = Ad+ B, where w is the individual plant weight, d is density and A + B are constants (Shinozaki and Kira, 1956 ).
5, I.. 
MODELS OF INTERACTION BETWEEN TWO GENOTYPES
When two different genotypes are put together in a mixture there are a number of possible outcomes which arise because of the interactions between and within each genotype. We can use the model first explored by de Wit (1960) in which it is assumed that the total number or density of individuals is held constant, but that the proportion of the two components of the mixture is varied. The contribution of each component at the end of the period of growth and interaction is determined; this may be in terms of seed output, dry matter production, tiller number or any other relevant parameter. The results are usually plotted as replacement series graphs. There are many possible patterns of interaction and each of these can be computed using de Wit's model. The various outcomes are expressed as the relative output of each component of a mixture and are depicted in fig. 2a .
The relative yield of two genotypes will depend on whether they compete for the same environmental factors (they crowd for the same space-in the sense of de Wit) or whether they crowd for space which is not completely the same. The yields can be calculated from the following equations if the two genotypes crowd for the same space: 
Ia
where O and 02 are the yields of the two genotypes in the mixture; z1 and z2 are the relative input frequencies (usually seed frequencies) of the two components; M1 and M2 are the yields per unit area of each genotype. If the two genotypes crowd for space which is only partly the same, then the yields satisfy the following equations: 01 = Kl(2e)Zl((Kl(2e)
where Kj(2g) and K2(1) represent relative crowding coefficients where one genotype crowds for space with the other genotype and also crowds for "empty space ". This can be envisaged as space which has not been planted with either component.
The outcome of each type of interaction was determined by giving a suitable value to each of the relative crowding coefficients, and then the yields of the two components were computed over a range of relative input frequencies from 0 to 1, at intervals of 01.
For ecological purposes a very important deduction we need to be able to make is whether such mixtures are stable, so that permanent cohabitation of the two components would occur, or whether one component will eliminate the other. This can best be done if the log of the ratio of the frequency of the two components when sown is plotted against the log of the ratio of the frequency of the two components when harvested, to give a ratio diagram. The slope and position of the line relative to a line of unit slope passing through the origin shows the stability of the mixture (de Wit, 1960) . The ratio diagram for each pattern of interaction is plotted in fig. 2b .
MODELS FOR EACH PATTERN OF INTERACTION
1. There is no interaction whatever (K12 = = 1.0) because the density of each is so low that neither component impinges on the other, nor do members of one component impinge on each other. The result of variation in proportion is, therefore, very simple, being compounded of two relationships of the type A. However, the two components may (1 a), or may not (lb), be equal in output.
The ratio diagrams show that the lines are of unit slope but only in 1 a does it pass through the origin indicating that the mixture is neutral (i.e. static but not self-stabilising). In lb the mixture will change toward the higher yielding component.
2. The interaction (K12 = K21 = 1.0) between the components exists, but the two components are so alike that each reacts as if to its own kind.
The result is a relationship superficially identical to 1 but for entirely different reasons: the individuals are at some particular density where a type B relationship occurs. The ratio diagram shows that the mixture is neutral. This type of relationship can be distinguished from 1, if each component of the mixture is also grown in pure stands at the same densities as in the mixture. The dotted lines in the replacement series graphs represent the yield of each component when growing alone. When an interaction between the components exists, then individuals growing alone will outyield individuals growing at the same density in a mixture (2b). 3. Interaction exists (K12 < 1 or K21 < 1) so that one component succeeds at the expense of the other. However, both components remain limited by the same environmental factors (they crowd for the same space-in the sense of de Wit), and, if the yields of the two pure stands are the same, the combined yield lies on the straight line between them. This is the normal form of competition (3a). It is termed complementary interaction by Schutz, Brim and Usanis (1968) . The ratio diagram shows that this mixture is unstable: the successful component will progressively eliminate the other. The successful component can be that which does best in pure stand (3b) when the combined yield lies on a convex-shaped line. But the successful component is not necessarily the highest yielding in pure stand; it may be the one that does worst (3c). This is known as the Montgomery effect (Montgomery, 1912) and the combined yield lies on a concave-shaped line. 4. Negative interaction (K12> 1 and K21> 1) exists such that the yield of both components and, therefore, that of the total is depressed. This is termed under-compensatory interaction by Schutz, Brim and Usanis (1968) . This must be due to some sort of deleterious interaction. The ratio diagram shows that the mixture is unstable: whichever component has a higher initial frequency will succeed.
5. Some form of interrelationship between the two components exists (K1 (2e)> 1 and K2(ie)> 1) such that either both do better in mixture than would be normally expected from their density in the mixture, or one does better without the other suffering equivalently (K1(2e) = 1 and K2( 1 e)> 1).
In either case the combined yield is more than that expected from the performance of the pure stands: this we can call augmentative interaction. It is termed over-compensatory interaction by Schutz, Brim and Usanis (1968) .
Augmentative interaction can have two causes. First, one or both components provide the other with some positive stimulation so that the latter grows better than it would have done in the absence of the former. This has been termed facilitation (Allee, 1951) . Secondly, neither component provides the other with any positive stimulation but grows independently of it in such a way that it reacts more to its own density than to that of the other component.
If two components behave entirely independently of each other, then the yield curve of the mixture will be the sum of the yield curves of the two components growing separately and will be a humped shape (5a). Usually the components will not be entirely independent and some competitive interaction occurs. In this case the yield curve will be humped but will not equal the sum of the two components growing separately (5b). If any such independence occurs, the relationship cannot be called facilitation since there is no positive influence of one component on the other. It can more properly be termed annidation (Ludwig, 1950) . It will occur where there is niche divergence. These two forms of augmentative interaction yield results which cannot be distinguished from each other unless each component of the mixture is grown in the equivalent pure stand (i.e. at the density each component is when considered alone in the mixture). This is represented by the dotted lines in the replacement series graphs. If the total yield is more than the combined yield of the two components when grown in equivalent pure stand (5c), then facilitation must be involved, otherwise it may only be annidation (5a). Thus the results of Lewontin (1955) cannot be said to demonstrate facilitation, if the performance of the strains of Drosophila melanogaster in competition with white (50 50 mixture) is compared with their performance in pure culture at the density they were in competition, i.e. half the total density. There were only one or two exceptional mixtures where facilitation has certainly occurred. The results of Sokal and Huber (1964) are similar.
There are various ways in which augmentative interaction can occur. The first (5a, b, c), which is probably the commonest, is important because it has a property of considerable biological significance. Here the relative fitness of the components of the mixture will usually vary in relation to their frequency in the mixture, such that the component of low frequency has the higher fitness. This leads to a stable equilibrium which is demonstrated by the ratio diagram. It can occur even if the contribution of the two components is unequal (5d). However, this stability is not a necessary outcome of augmentative interaction. If one component does slightly worse than expected while the other does a lot better, the total yield will still be more than expected from pure stand performance but the mixture will not be stable (Se) . If the yield of one component is exactly as expected the mixture will stabilise (5f).
6. Finally, situations can arise in which the relative crowding coefficient is frequency-dependent but where there is no augmentative interaction.
Each component may yield more (6a) or less (6b) at low frequency, but the total output is no more than expected from the output of the pure stands and it lies on the straight line between them. This model is not considered by Schutz et al. (1968) , but Putwain and Harper (1972) have shown that frequency-dependent interaction exists between male and female clones of Rumex acetosella which leads to a stable mixture.
Frequency-dependent patterns of interaction are important in determining the changes which can occur in the composition of mixtures. Their ecological significance has been discussed by Harper (1964) . But the various types of augmentative interaction have not been distinguished.
Since startling cases of augmentative interactions, sometimes specified as facilitation in error, are now forthcoming and which could be an indication of powerful forces causing the retention of variability in populations, it is important that they are distinguished.
In the course of an examination of the characteristics of flax and linseed varieties (Linum usitatissimum) they were combined in simple mixtures in varying frequencies and at varying densities. Flax has been selected for fibre production and is tall and early maturing whilst linseed has been selected for oilseed and is short and late maturing. Marked augmentative interactions occurred, leading to evidence of powerful frequency-dependent selection. The work on Drosophila populations described in the previous paper in this series (Seaton and Antonovics, 1967 ) and the recent work by Allard and Adams (1969) on interactions between genotypes extracted from barley populations, suggested that the interactions evolved by a process of co-evolution. The interaction between Linum genotypes could not have evolved by any process of co-evolution. But since the results show frequencydependent fitness in plants, of the sort leading to equilibrium situations, they are reported here. The material was sown in the field in plots containing a total of 3& plants in a precise hexagonal arrangement surrounded by further seed broadcast at the appropriate density as guard material so that the size of all plots was 2 ft by 2 ft. In the case of the 36 plants, two seeds were sown at each station and subsequently thinned to one. In the plots involving two varieties their positions were assigned at random. There were four replicates.
The experiment was sown in mid-May and harvested when mature in late September. At harvest the two components were separated and dried and the total dry weight, total seed number, individual seed weight and other associated characters determined.
RESULTS (i) Replacement series graphs
Actual values are plotted as replacement series graphs in figs. 3 and 4. An analysis of variance is not possible because the variance of populations of the two components are not independent. Therefore lowest significant differences (P<o.o5) are given for dry weight and seed number per plot. It is clear that there is not a simple competitive relationship between varieties. There is nearly always increased growth of at least one variety which is not accompanied by any corresponding decrease in growth of the other variety:
there may be increased growth of the other variety as well. So the total yields of the mixture very often are greater than would be expected from the growth of pure stands. This is more evident for seed number than for total dry weight. There is some form of augmentative interaction between varieties.
There are also clear varietal differences in performance in pure stands which are reflected in performance in mixture: there is no evidence of any lack of correspondence in performance. Here the important character is the relative abilities of the two components to contribute to the next generation. For this reason relative fitness values are given only for seed number (table 2) .
Seed number
The overwhelming result is the effect of frequency on fitness. If the results are pooled over varieties and densities, the relative fitness of flax at lower frequency in a mixture is 122, at medium frequency 076, and at The final step in the analysis is to relate the performance in mixtures to the performance in pure stands. This can be done by calculating the relative crowding coefficients (de Wit, 1960) If KFL = 1, they are equal in their interaction; if KFL> 1, then flax is succeeding relative to linseed, and if KFL < 1, the reverse. KFL is a direct measure of relative fitness adjusted for differences in pure stand performance.
We can also calculate individual crowding coefficients OF/Mr K _0,jM The values (table 3) show that the relative crowding coefficients are by no means constant. They change violently and regularly with the frequency of the two components in the mixture, as do the relative fitness values.
The individual crowding coefficients show that both flax and linseed are often doing better in a mixture than in pure stand. As would be expected from the values for KFL, this occurs mainly when they are at low frequency. If we compare the two values, for flax and linseed, for any one variety combination at any one density, when both are at low frequency, we do not find any clear evidence that either is able to take advantage of But there is evidence from the relative crowding coefficients that the balance between flax and linseed differs in the different varietal combinations used, and that there is an effect of density. The relative crowding coefficient of flax increases with density. These effects are more pronounced for total seed number than for total dry weight, but the pattern for dry weight is the same.
(v) Comparison with behaviour at equivalent density in pure stand
Plots of pure stand at every density, equivalent to densities of individual components in each mixture were not sown. However, we can compare performance of flax and linseed in 50 : 50 mixture at D2 with performance in pure stand at D1. The ratios of these values are given in table 4. Except in a single case, the yield in mixture is always less than in equivalent pure stand. There is therefore no direct evidence for facilitation.
It would anyway be difficult to envisage how facilitation could occur. Other characters were measured in the course of the experiment but on the whole do not contribute anything further. The values for individual seed weight are however of interest. Usually the individual seed weight of both flax and linseed is remarkably constant (Khan, 1963) . But in these experiments there was a distinct change. In mixtures the individual seed weight of linseed was higher than in pure stand, particularly where the flax : linseed ratio was 75 : 25. This was not so for flax ( fig. 6 ).
The explanation of this appears to lie in the patterns of growth and maturity of the two types. Flax was slightly more rapid growing and matured distinctly earlier than linseed (approximately 3 weeks). At maturity the leaves shrivelled and all that was left were the stems and capsules. Thus at the time of seed development in linseed a considerable amount of space suddenly becomes available to the plants at a time when the development of new flowers is lessening. So the products of any increased growth go mainly into the seed. Since the greatest release of space for linseed occurs in those mixtures where it is at a low frequency, it is here that the effect would be greatest.
DiscussioN (i) The nature of the interaction
The fact that the components of the mixture both do better than expected, and that therefore the total yield curve is humped, indicates that the increased performance of one component is not accompanied by decreased performance of the other. The interaction is augmentative and appears to be due to annidation. If it is annidation it is not complete, since yield in mixture is reduced compared with yield in equivalent pure stand: but complete annidation is hardly to be expected. It seems unlikely that some chemical or other positive stimulation between components is occurring. It is more reasonable to look for something which is related to general differences between flax and linseed. The most obvious difference is that of timing of growth, which would lead to annidation, since flax can first have the predominant share of the environment and then linseed. Further investigation indicates that this is so (Harper, 1970). It is interesting that the interaction is affected by density. We know that the growth form of flax is different to that of linseed and that linseed has a greater ability to respond to wide spacing than flax which can be related to the fact that it is normally grown at lower densities than flax (Bradshaw, 1965) . But in the mixtures if we allow for any differences that are to be found in pure stand, we find from the relative crowding coefficient that the interaction is still density-dependent: the effect on flax of competition from linseed is less at high density. So we have a characteristic of flax related to density separate from what is apparent in pure stands. (ii) Frequency dependent selection
The results show that powerful frequency-dependent selection can occur between genotypes of a plant species in mixed populations, due to positive, augmentative interactions, almost certainly because of annidation. This is important because this interaction has been considered as occurring mainly between species. However, evidence of it occurring between genotypes is now accumulating. In the experiments of Seaton and Antonovics (1967) they were able to show that such a relationship could evolve and that it would lead to an equilibrium condition. In plants there is now evidence of powerful frequency dependent interactions between the sexes of Rumex acetosella (Putwain and Harper, 1972) , which leads to an equilibrium between the sexes being maintained in the vegetative phase. This equilibrium probably depended on non-synchronous light interception by the two sexes during the growing season. Rhodes (1969) provides evidence that the augmentative interaction between two varieties of perennial ryegrass (S23 and Ba 6280) was due, in the mixture, to a greater residual leaf area after defoliation and to a greater percentage of incident light being distributed over the most photosynthetically efficient tissue. These augmentative interactions which are probably due to annidation occurred only under frequent cutting and a high level of fertiliser. Allard and Adams (1969) show that very marked augrnentative interaction occurs between genotypes from a barley composite cross. They presume it will give frequency-dependent selection for an equilibrium, but although this is reasonable, there is no direct evidence for it, since they have observations only on one frequency in mixture. The model of Schutz, Brim and Usanis (1968), which they explore, assumes the same since the component of fitness of a genotype due to interaction with other genotypes is made dependent on the frequency of the latter.
Many cases of frequency-dependent selection are appearing, e.g.
Drosophila melanogaster esterase-6 isoalleles (Kojima and Yarborough, 1967) and at the alcohol dehydrogenase locus (Kojima and Tobari, l969a ). Kojima and Tobari (I 969b ) also find in D. ananassae that frequency-dependent selection influenced chromosome inversion frequencies. We have little evidence whether these situations have arisen by annidation or by some direct interaction of a proper facilitation type. It cannot be due to the frequency-dependent mating found by Spiess (1968) and Erhman and Petit (1968) . However, the experiments of Huang, Singh and Kojima (1971) indicate that the response of different genotypes to conditioning of the media is responsible for the frequency dependence of the esterase-6 locus of D. melanogaster. The fitness of the more abundant genotype tends to be lowered because it more often uses a medium which has been conditioned by the same genotype. These interactions appear to have arisen by annidation although the frequency-dependent model (6) cannot be ruled out. Other similar cases of frequency-dependent relationships between genotypes unfortunately do not usually allow us to decide about their cause.
The overall density of a plant or animal population is also important in determining whether frequency-dependent selection occurs. The intensity of frequency-dependent selection in the esterase-6 locus of D. melanogaster is dependent on the overall population density (Kojima and Huang, 1972) . Frequency-dependent selection takes place mainly when the population 3412-B density is high. This type of response to density parallels the densitydependent interaction which we have found in mixtures of flax and linseed.
Whatever their cause, all the various examples of frequency-dependent selection are important in that they demonstrate a powerful cause for the retention of variability in natural populations, as Schutz, Brim and Usanis (1968) and Allard and Adams (1969) in particular, have argued. The phenomenon is important, because in such populations where genotypes are at equilibrium frequencies selection will not occur so that there will be no substantial genetic load, although random genetic drift will create some segregational load (Kojima, 1971) . But as a result, frequencydependent selection will be difficult to detect unless experiments are specifically designed with this in view. In many circumstances experiments based on the de Wit models can be of great value in determining whether frequency-dependent selection occurs.
